Context. The origin of the observed diversity of planetary system architectures is one of the main topic of the exoplanetary research. The detection of a statistically significant sample of planets around young stars allows us to study the early stages of planet formation and evolution, but only a handful of them is known so far. In this regard, a considerable contribution is expected from the NASA TESS satellite, which is now performing a survey of ∼ 85% of the sky to search for short-period transiting planets Aims. In its first month of operations, TESS found a planet candidate with an orbital period of 8.14 days around a member of the Tuc-Hor young association (∼ 40 Myr), the G6V main component of the binary system DS Tuc. If confirmed, it would be the first transiting planet around a young star suitable for radial velocity and/or atmospheric characterization. We aim to validate the planetary nature of this companion and to measure its orbital and physical parameters. Methods. We obtain accurate planet parameters by coupling an independent reprocessing of the TESS light curve with improved stellar parameters and the dilution caused by the binary companion; we analyse high precision archival radial velocities to impose an upper limit of 0.94 M Jup on the planet mass; we finally rule out the presence of external companions beyond 40 au with adaptive optics images. Results. We confirm the presence of a young, giant (R = 0.50 R Jup ) and possibly inflated planet (having a theoretical mass lower than 20 M ⊕ ) around DS Tuc A. We discuss the feasibility of mass determination, Rossiter-McLaughlin analysis and atmosphere characterization, allowed by the brightness of the star.
Introduction
After a few decades since the first detection, exoplanetary science is shifting from the discovery of exoplanets to understanding the origin of their astonishing diversity. The frequency of planets as a function of their mass, size, and host star properties, is a key parameter to test the diverse outcomes of planet formation and evolution. In this context, the detection of young planets at short/intermediate orbital periods is crucial to investigate the regimes of planet migration. However, the high level of the stellar activity in young stars heavily hampers the detection of planetary signals with the radial velocity (RV) method, and the estimates on the frequency provided to-date (Donati et al. 2016; Yu et al. 2017 ) still rely on small numbers and suffer for claimed detections that are not confirmed by independent investigations (e.g., Carleo et al. 2018) .
The NASA Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015 ) is expected to play a crucial role in this framework. Being a space-borne full-sky survey, for the first time it will produce precise light curves for thousands of young stars, providing planetary candidates that however will require external validation. This paper includes data collected by the TESS mission, which are publicly available from the Mikulski Archive for Space Telescopes (MAST).
In this letter, we validate the first young planet candidate spotted by TESS around one of the two components of the DS Tuc binary, the G6V star DS Tuc A (HD 222259, V=8.47), member of the Tuc-Hor association. This target (TESS Input Catalog -TIC -ID: 410214986) was observed in the first sector of TESS (2018 July 25 -August 22), in both short (2 minutes) and long (30 minutes) cadence and has been tagged as TOI 200, i.e., TESS Objects of Interest (see Alerts webpage 1 ), since transit signatures have been found.
In the following, we confirm the planetary nature of the potential candidate around DS Tuc A by using data available in public archives. At first, we revise the stellar parameters of the host (Sect. 2), then we propose our analysis of the TESS light curve, including a transit fit that considers the impact of the stellar companion on the estimation of the planet parameters (Sect. 3.1), and present our evaluation on RVs and adaptive optics data useful to constrain the planetary mass and the presence of additional bodies in the system (Sect. 3.2 and 3.3). Discussion and conclusions are finally drawn in Sect. 4.
Stellar parameters
DS Tuc is a physical binary formed by a G6 and a K3 component at a projected separation of 5.4 arcsec (240 au at a distance of 44 pc). The stellar parameters, some of which updated in our study, are listed in A&A proofs: manuscript no. dstuc the rotation period of the primary (Messina et al. 2010 ) is refined with TESS data (Appendix B).
The system is included among the core members of the TucHor association (e.g., Zuckerman et al. (2000) ). High levels of magnetic activity, a strong 6708Å Lithium line, and its position on the color-magnitude diagram, slightly above main sequence, strongly support a young age. The kinematic analysis, based on Gaia DR2 results and the on-line BANYAN Σ tool (Gagné et al. 2018) , yields a 99.9% probability of membership in the Tuc-Hor association. Its age is estimated to be 45±4 Myr from isochrone fitting (Bell et al. 2015) , ∼ 40 Myr from lithium depletion boundary (Kraus et al. 2014) , and 36 +1.2 −1.3 from kinematics (Crundall et al. 2019) . We adopt in the following the 40 Myr as a mean value of these three determinations based on independent methods.
By following a new approach, optimized for young, active stars (described in Appendix D), we inferred a metallicity of [Fe/H]=−0.08±0.06. The slightly sub-solar metallicity is consistent with a previous determination for Tuc-Hor association by Viana Almeida et al. (2009) .
The radii and masses of the components were derived using the PARAM interface (da . By fixing conservative age boundaries between 30 to 60 Myr from the Tuc-Hor membership, adopting the effective temperature (with an error of 70 K) from Pecaut & Mamajek (2013) , and the spectroscopic value of metallicity, we obtain mass and radius of 0.96 M and 0.87 R for DS Tuc A, and 0.78 M and 0.77 R , respectively, for the B component. Our stellar radius is very similar to the one derived in Gaia DR2.
The stellar radius of the primary, coupled with the observed rotation period yields a rotational velocity of 15.5 km s −1 , in agreement with our determination of 15.5 ± 1.5 km s −1 (from spectral synthesis, as in e.g., D'Orazi et al. 2017) . This suggests that the star is seen close to equator-on. The observed motion of the binary components on the plane of the sky is nearly radial, suggesting a very eccentric and/or a very inclined (close to edgeon) orbit.
Finally, the star has no significant IR excess (Zuckerman et al. 2011) , which excludes prominent dust belts around it.
Validation of the planet candidate and constraints on the system
In this Section, we present our analysis of the available data of DS Tuc aiming to validate the planet candidate.
TESS light curve analysis
The TESS light curve of DS Tuc shows evidence for transits of two distinct companions. According to the Data Validation Report associated to each candidate (see Twicken et al. 2018) , one of the signals could be related to a companion with an orbital period of 20.88 days, but with a high probability of being a false positive (as a result of the transit fitting procedure and of the discrimination test for eclipsing binaries). The second one appears to be produced by a real companion, characterized by an orbital period of 8.138 days (semi-major axis = 0.09 au) and a planet radius of 8.3 R ⊕ . Since the projected separation of the two stellar companions of the binary system is ∼ 5", both of them fall within the TESS Point Spread Function (PSF). The two sources are then not resolved. While a centroid analysis of TESS observations, provided in the report and performed with our own tool, confirms that the transit occurred on the primary star, the radius 18.3 ± 1.8 14.6 ± 1.5 2 of the planet is likely overestimated as a consequence of the dilution of the transit by the binary companion. We analysed the short-cadence light curve from TESS with a procedure already tested with ground-and space-based data (Nardiello et al. in preparation, Appendix A.1) . Three transit events can be found in the time series, but the third one occurred during a temporary failure of the satellite pointing system (1347 ≤ TJD ≤ 1349, where TJD = JD-2,457,000), with a consequent degradation of the data (upper panel of Fig. A.1 ). Thanks to our alternative detrending algorithm we were able to recover the third transit, although at lower quality with respect to the others. We modelled the extracted light curve with two different approaches: the first one considered only the first two transits and simultaneously fits the rotational modulation. The second one considered all the available transits and a different method to flatten the curve. The two methods led to consistent results, but we decided to adopt the planet parameters from the first one, preferring to use the recovered third transit only to refine the ephemeris (a full description of the second method is reported in Appendix A.3).
We proceeded as follows. A temporal window of 0.6 days (roughly 5 times the duration of the transit) was selected around each mid-transit time, which allowed to approximate the rotational modulation with a second order polynomial for each transit. The analysis was performed with PyORBIT (Malavolta et al. 2016 , a convenient wrapper for the transit modelling code batman (Kreidberg 2015) and the affine invariant Markov chain Monte Carlo sampler emcee (Foreman-Mackey et al. 2013) in combination with the global optimization code PyDE 2 . Our model included as parameters: the time of first transit T c , the planetary period P, the impact parameter b, the planetary to stellar radius R p /R and the stellar density in unit of solar density ρ . The dilution factor F B /F A was included as free parameter to account for its impact on the error estimate of R p , with a Gaussian prior derived from the Gaia magnitudes of the A and B components of the stellar system transformed into the TESS system. For each transit we also included a jitter term, quadratically added to the photon-noise estimate of TESS light curve, to take into account short-term stellar activity noise and unaccounted TESS systematics. We tested several models (and different approaches, see Appendix A.2, where additional technical details are reported) which resulted in all the parameters being consistent across the models, with the exception of the limb darkening (LD) coefficients, suggesting an inadequate choice for their priors. In Table 2 we report the values obtained when assuming a circular orbit for the planet and no priors on the LD coefficients, while the resulting model is overimposed on the TESS light curves in Fig. 1 (black line). The amount of jitter of the first transit is higher than the second one, suggesting that the variation of the amplitude of the light curve within the time-span of the TESS observation 2 Available here: https://github.com/hpparvi/PyDE could be due to a variation of the stellar activity (cf. Fig. A.1) . The resulting planetary radius is 5.6 ± 0.2 R ⊕ , after taking into account the uncertainty on the stellar radius. Finally, the mid- transit ephemeris as well as the orbital period were obtained by including the recovered third transit in the fit.
Radial velocity and other spectroscopic time series
We analysed the high-precision radial velocity time series extracted from six high-resolution spectra obtained with HARPS (a presentation of the dataset and the RVs extraction is given in Appendix C). As expected for a young and active star, the rotation dominates the RV signal, as demonstrated by a clear anticorrelation of all the activity indicators (i.e., bisector span -BIS, Hα, the Ca II lines and other asymmetry indicators of the line profile as detailed in Appendix C) with the RVs. The removal of the correlation with the bisector allows a decrease of ∼2/3 in the RV dispersion, from ∼ 200 to ∼ 70 m s −1 . This provides an estimate of the RV semi-amplitude related to the planetary signal, and therefore, an upper limit on the planet real mass, since we know the inclination of the orbit (i = 88.8 o ), that would be around 0.94 M Jup . It is reasonable to expect that those residuals are still affected by an additional contribution of the stellar activity, and a lower value of the planetary mass is more likely. On the other hand, a full analysis of the activity is not feasible with the available data, due to their sparse sampling.
The observed RV dispersion of DS Tuc A is within the range of dispersion for stars with similar age and spectral type, as derived from HARPS spectra of several objects available in the ESO archive, further supporting the magnetic activity as dominant source of variability (e.g., Kraus et al. 2014) . The CCF and line profile indicators also show the typical alterations due to the presence of active regions, without any indication of multiplicity.
High-resolution HARPS spectra are available only for the primary star. However, RV monitoring the secondary is available from Torres et al. (2006) , resulting in a low dispersion of 0.1 km/s (for six spectra obtained with FEROS), ruling out the presence of close stellar companions also for the secondary. More in general, the similar absolute RVs reported by several authors for both components (see Table 1 ) argue against any RV variation exceeding 1 km/s over a baseline of decades.
Constraints from direct imaging
As presented in more detail in Appendix E, we used adaptive optics data from the NaCo (Nasmyth Adaptive Optics System Near-Infrared Imager and Spectrograph) instrument, mounted at the Very Large Telescope (ESO -Paranal Observatory, Chile), to obtain the contrast plots for each star of the binary system (Fig. E.1) . We used these contrast values to define mass detection limits around both stars of the binary, assuming age and distance given in Table 1 and exploiting the AMES-COND evolutionary models (Allard et al. 2003) . The final results of this procedure are displayed in Figure 2 for both the observing epochs and for both the stars of the binary. For what concerns the primary star, we are able to exclude the presence of objects with mass larger than ∼7-8 M Jup at separations larger than 40 au. The mass limits around the secondary are slightly larger. The ∼ 5 yr time baseline between the two NaCo observations coupled with the proper motion of the star allow us to exclude any stationary background source as the source of transit. The only remaining false alarm sources are represented by bright stellar companions at projected separation smaller than ∼10 au but large physical separations. This configuration is extremely unlikely from the geometrical point of view and is made negligible by the presence of DS Tuc B at 240 au. Coupling the results of the RV monitoring and the NaCo observations, the presence of an additional companion responsible for the photometric dimming observed with TESS is extremely unlikely. As resulting from Gaia DR2, there are no additional sources brighter than G=18.3 (10 mag fainter than the primary) within 1 arcmin.
Discussion and Conclusions
In this letter we have ruled out blending scenarios and then validated the planet candidate found with TESS around the primary component of the young binary system DS Tuc, confirmed member of the Tuc-Hor association. We estimated the transit parameters, in particular the planet radius, taking into account the dilution effect due to the stellar companion of the host star. The comparison with theoretical models by Baraffe et al. (2003) and Linder et al. (2018) provides an expected planetary mass below 20 M ⊕ , suggesting that DS Tuc A b should be a super-Earth or a Neptune-like planet at most. These models, however, are not optimized for heavily irradiated planets around young stars, i.e., they don't consider the possible inflation of the planetary radii, so the mass of DS Tuc A b could be as low as 5-10 M ⊕ .
The expected low mass of the planet makes the detection of the RV signature quite challenging considering the amplitude of the activity jitter, as shown in Sect. 3.2. According to our simulations, an intensive monitoring (e.g., ∼ 60 RV epochs spanning three months), coupled with appropriate modeling of the activity would allow the recovery of a signal with RV semi-amplitude down to ∼ 6.5 m s −1 (corresponding to 20 M ⊕ ) with an accuracy of 1-σ and a detection significance of 2-σ, in case of an activity signal of the order of 100 m s −1 . More promising are the perspective for the detection of the Rossiter-McLaughlin effect (RM), as its amplitude depends on planetary radius and not on planetary mass and increases with the projected rotational velocity of the star. Furthermore, the activity noise is expected to be much smaller on the timescales of a single transit with respect to the few weeks/months needed for the orbit monitoring. Assuming the values in Table 1 and 2, the RM signature should be around ∼ 60 m s −1 (Eq. 40 in Winn 2010). Considering the moderately long period of the planet and the young age of the system, the spin-orbit angle is expected to be close to the original one, with little alterations by tidal effects. The measurement of the RM effect would then be extremely insightful of the migration history of the planetary system. Furthermore, the binarity is an additional reason of specific interest for the RM determination.
The expanded structure of the planet favours the detection of strong atmospheric features. The scale height, obtained according to the equilibrium temperature (∼ 900K) is 1200 km, so the expected signal of the transmission spectrum feature is about 2 · 10 −4 . According to our evaluations, DS Tuc A b is the first confirmed transiting planets around stars with age ∼ 40 Myr with the potentiality of a full characterization. In addition to the MCMC fit, we performed model selection by computing the Bayesian evidence with the nested sampling algorithm PolyChord (Handley et al. 2015) . Models with a prior on one or both the LD coefficients are disfavoured, although not significantly, with respect to the model without priors. The discrepancy between the literature and derived values for the limb darkening coefficients is likely the consequence of the strong magnetic field of the star (e.g., Beeck et al. 2015) .
Appendix A.3: Alternative modelling of three transit signals
In our alternative approach for the transit modelling, we flattened the extracted light curve with different approaches and window size: running median, running polynomial of different order, and a cubic spline on knots. We applied the flattener algorithm after splitting the light curve at the TESS donwlink time. We determined that the best flattened light curve, having the smallest 68.27-th percentile scatter around the median value, is a running polynomial of 3rd order with a window size of 0.55 days. with respect to the median of the normalized flux. This scatter metric has been used to remove outliers with an asymmetric sigma clipping: 5σ above and 10σ below the median of the flux. Also, the deviation measures the photometric scatter of the light curve and we used it as the error on the light curve. We searched for the transit signal on the flattened light curve with TransitLeastSquares (TLS, Hippke & Heller 2019) . We found a transit-like signal with a period of 8.13788 ± 0.03704 d, a depth of 1830 ppm, a total duration (T 14 ) of about 172 min, and a signal detection efficiency (SDE, Alcock et al. 2000) of 17.58, that is higher than the thresholds reported in Hippke & Heller (2019) . The TLS found three transits in the light curve, and we selected a portion of ±2 × T 14 around each transit time (T 0 ) of the extracted light curve (not flattened). We simultaneously modelled the three transits with the batman-package (Kreidberg 2015) and analysed the posterior distribution with emcee (Foreman-Mackey et al. 2013). We fit as common parameters across the three transits a dilution factor parameter (ratio between the flux of the secondary and the primary star, F B /F A ), the stellar density in gr cm −3 , the logarithm in base two of the period of the planet (log 2 P), the ratio of the radii (k = R p /R ), the impact parameter (b), the parameters q 1 and q 2 introduced in Kipping (2013) for a quadratic limb darkening law, the logarithm in base two of a jitter parameter (log 2 σ j ), the reference transit time (T 0,ref ) . For each transit light curve, we fitted three coefficients for a quadratic detrending (c 0 , c 1 , c 2 ), and a transit time (T 0 ). All the fitted and physical parameters have been bounded to Article number, page 7 of 10 A&A proofs: manuscript no. dstuc reasonable values. In particular the period was bounded within 8.13788 ± 10 × 0.03704 d, all the T 0 were limited within TLS guess ±T 14 BTJD, and we used the central transit times to bound the T 0,ref ± T 14 . We assumed a circular orbit for the planet. We used the stellar parameters from Section 2 to determine an asymmetric Gaussian prior on the stellar density. The dilution factor has been computed from the ∆T mag and we determined the Gaussian prior as 0.460 ± 0.014. We ran emcee with 60 chains (or walkers) for 50000 steps, we discarded the first 20000 steps as burn-in after check the convergence of the chains (visual inspection and Gelman-RubinR <= 1.02). We obtained the parameter posteriors after applyng a pessimistic thinning factor of 100. We computed the confidence intervals (CI) at the 16-th and 84-th percentile and the high density intervals (HDI, corresponding at the 16-th and 84-th CI percentile).
The parameters determined as the maximum log-likelihood estimator (MLE) within the high density intervals (HDI) and the median of the posterior distributions are consistent within 1σ with the analysis presented in Sect. 3.1. The three transits with the median best-fit model are shown in Fig. A.3. 
Appendix B: Rotation period
DS Tuc was observed as part of the ASAS (All Sky Automated Survey; Pojmanski 1997) survey from 2000 to 2008. From the public archive we retrieved a total of 560 V-band measurements with an average photometric accuracy σ = 0.031 mag. The time series is shown in the upper left panel in Fig. B .1, where a long term photometric variation, probably due to a spot cycle, is clearly seen. The complete time series was analysed with the Lomb-Scargle (Scargle 1982) and CLEAN (Roberts et al. 1987) periodograms (Fig. B.1 , upper central and right panels). Both methods returned a rotation period P = 2.85±0.02d with a False Alarm Probability FAP < 0.01. The FAP was computed with Monte Carlo simulations (e.g. Messina et al. 2010) , whereas the uncertainty on the rotation period was derived following Lamm et al. (2004) . Periodograms were also computed for segments of the whole time series and the same rotation period was retrieved in five out of 12 segments. An independent measure of the P rot value has been obtained from the TESS short cadence light curve extracted by us, after masking the transit events. The autocorrelation function analysis (e.g., McQuillan et al. 2013) shows the first peak at 2.91 days, while the Generalized Lomb-Scargle (GLS) periodogram (Zechmeister & Kürster 2009) recovered the expected signal at 2.85 days with an amplitude of 16 millimags in the TESS passband, after removing the contribution of the binary companion. Finally, we measured the rotational period with its error by modelling the light curve using a Gaussian process (GP) with a quasi-periodic kernel. We made use again of the PyORBIT code, following the prescriptions in Rice et al. (2019) , with the GP computed by the george package (Ambikasaran et al. 2015) . Following LopezMorales et al. (2016), we imposed a prior on the coherence scale to allow a maximum of three peaks per rotational period 3 . To speed up the computation, we binned the light curve in step of 1 hour. We measured a rotation period of P rot = 2.99 ± 0.03 days, with a covariance amplitude of λ TESS = 11 ± 2 millimag and an active region decay time scale of P dec = 3.12 ± 0.20 days. The fact that the GP and the autocorrelation function are more sensitive to the evolution of the active regions explains for the slight discrepancy (of the order of 5%) of the estimated P rot with respect to GLS and LS periodograms methods.
Escudé & Butler 2012) and SERVAL (Zechmeister et al. 2018) pipelines to obtain alternative RV measurements for comparison.
When joining the two datasets, separated by 13 years, we must take into account an RV offset produced by a change in the HARPS set-up occurred in 2015, which is ∼ 16 m s −1 for Gtype slowly-rotating stars, as reported by Lo Curto et al. (2015) . In particular, these authors found a dependence of the RV shift on the width of the spectral lines, that in the case of DS Tuc A are particularly broadened. However, a comparison between old and new RV measurements for different type of stars, including young objects and fast rotators, shows that the average offset is compatible within errors with respect to the result in Lo Curto et al. (2015) .
The RV dispersion of the time series is ∼ 200 m s −1 for both HARPS offline DRS and SERVAL, and ∼ 150 m s −1 for TERRA (the lower dispersion is due to the fact that the algorithm used by TERRA better models the distorted line profile of both M dwarfs and active stars, and thus is particularly suitable to obtain RVs for these kind of objects, as already shown by Perger et al. 2017) , with corresponding median RV error of 8.1 m s −1 , 2.6 m s −1 and 5.8 m s −1 . Finally, we measured several activity indicators: the bisector span and the log R HK , directly provided by the HARPS DRS, Hα (as in Gomes da Silva et al. 2011) , the chromatic index (as derived by SERVAL), and ∆V, V asy,mod and an alternative evaluation of the bisector through the procedure presented in Lanza et al. (2018) . All of these indicators show an anti-correlation with respect to the RVs, in particular, the Spearman correlation coefficient in the case of the bisector is -0.943, with a significance of 0.005, evaluated through the IDL routine SAFE_CORRELATE, see upper panel of Fig. C.1 . As mentioned in the text, when we subtract this correlation, the RV dispersion decreases to ∼ 70 m s −1 , from which we obtain an upper limit on the minimum mass equal to 0.7 M Jup . By using the orbital elements from Table 2 and considering a RV semi-amplitude corresponding to such a minimum mass, we obtain a RV model to compare with the residuals. Lower panels of Fig. C.1 shows that the RV residuals are compatible with a planetary mass. C.1. Radial velocities from DS Tuc A HARPS spectra with uncertainties as obtained from the HARPS offline DRS and the corresponding measure of the bisector span with uncertainties as derived from the procedure described in Lanza et al. (2018 
